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A NEW MLTHOD FOR REPETITIVELY-PULSED LASER PROTZICTION STANDARDS

By
Weslevy J. Marshall

US Army Environoental Hygiene Agency
Aberdeen Proving Ground, Maryland 21010

INTRODUCTION

—%The present method for evaluating repetitive pulsed lasers is based primarily on
data taken for a fixed exposure time (0.5 s).¥% 3 The biological effect from these
studies was interpreted to be a function of the pulse repetition frequency when in
fact this same effect could just as well have been plotted against the total number
of pulses in the pulse train.” It is the opinion of this author that the reason
several pulses cause retinal injury when a retinal lesion is not observed from a
single pulse of the same energy is that microsconic cell changes partially combine
together to cause visible injury ™

-
ADDITIVITY METHOD Sty

b4 £
i
Since pulses only partially add to produce retinal injury, a quantitative
definition had to be developed for additivity (A). The following definition was

considered appropriate:

A= n- Engg/gnggngle)/(n - 1) 8

Where EDRS and EDgangle represent the total interocular energy necessary to produce a
retinal gurn 50 percent of the time for n pulses or for 1 pulse respectively. If

a particular experiment showed complete additivity between pulses, ED§8 would equal
Engingle and A in the above equation would reduce to 1.0. On the other hand for an
experiment which showed no additivity, the above expression would reduce to zero.

Tn evaluating currently available biologic data with pulse durations less than
10 us, additivity values were generally found to lie between 90 and 98 percent when
several pulses were included in the exposure. A functional relationship between
additivity and pulse-repetition-rate (F) is not totally clear. A slight improvement
over adopting one particular value for additivity for all conditions is to use tie
following function: :

_)0.97 - 3.5 x 10~2 log F 1 <F<100
A =10.83 + 3.5 x 10-2 log F 100 <F<10,000 )

The opinions or assertions herein are those of the author and do not necessarilv
reflect the official position of the U.S. Department of the Army or the 1.9,
Department of Defense.
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Maximum permissibie expousure values (PE), using the additivity method, may be found
by substituting the MPE for n pulses (MPE,) for ED%S and substituting the MPE for

a single pulse (MPEsingle) for Engngle in equation 1. The MPE for n pulses is

then given as a function of the single pulse MPE by the following equation:

MPEp = MPEsingle [n - (¢ - 1)A] (3)

The MPE for one pulse in a train of n pulses may be found by dividing the above
equation by n; therefore:

sing lse)= - (o -
MPE(éipglirggnsé)— MPEgingle [0 - (n -~ 1)Al/n (4)

An effective Cp value is then obtained as a correction to the single pulse MPE; thus:

Cp = [n - (n - 1)A]l/n (5)
tnis furction may be plotted as a function of the total number of pulses as shown in
Figures 1, 2, and 3. Note the similarity between these plots and the C, as defined
in ANSI Z136.1.% Data points were plotted on these curves for PRF values of 1, 10,
160, 1006, and 10,000 for exposures with the total number of pulses ranging from
2 pulses to 10,000 pulses. The biologic data used to make these plots are tabulated
in the table and listed in the references.’ ° 7 'Y The Cp values were calculated for
these data points by the following formula: )

Cp = EDEf/n EDZinElE (6)

Since the bioclogic data generally follow the calculated Cp values, the additivity
method therefore maintains the same margin of safety for repetitive pulses as is
available for a single pulse from the same laser.

LIMITATION

The additivity method does not work as well as the current method described in
ANST 2136.1 for pulse durations in excess of 10 s because the additivity value
drops below 90 percent for long pulses (>10 ps); therefore, the additivity method
should not be used for long pulses.

For trains of short pulses (<10 us) with a high repetition rate, a person may be
expected to be exposed to a high number of pulses. For large n, equation 5 reduces
to:

Cp=1-A (7)
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The hazard analysis in this case is then fairly simple. For very high reperition
rates, the continuous wave (CW) MPE values would be used when their use yields a
more conservative MPE. However, for trains of short pulses having a low repetition
rate, an accurate determination must be made of the number of pulses to which an
individual would be exposed or alternatively adopt the '"worst-case' analysis of
equation 7. An alternate solution to assigning a number of pulses would be to
assign an exposure time which would be either a reasonable expected exposure time
or a limit to the additivity method itself. Based on the limited biologic data for
long trains of low repetition rate pulses, 10 seconds would probably be as good of
an approximation as any.

RTTECT O CURRENT STANDARDS

For a 1000 Hz train of short pulses the current C, value is 0.06.% For the
additivity method this value is 0.055. These values could be made to correspond
without loss of accuracy to biologic thresholds.

For a 10 Hz train of short pulses lasting for 10 s, the Cp value would be 0.074.
The present value is 0.32. These values could be made to correspoad by limiting the
additivity method te 0.4 s. The naw Cy value would then be 0.30; however, biological
data does not support this assumption.g In fact, pulses have been shown to add for
exposure durations of 2 ninutes!? Therefore, MPE values for low pulse rate lasers
would be lowered if the additivity method were accepted. For an unlimited exposure
duration, the C, would be simply 1 - A. Howvever, for low repetition-rate ND YAG lasers,
the present MPE values are probably quite adequate since biologic data indicates that
MPE values for single pulses from a Q-switched ND YAG laser are too conservative.
This MPE could be raised by a factor of 10 without endangering exposed personnel.
However, for repetitive-pulsed lasers, the C, factor for 10 to 20 Hz should be
approximately 0.07 for a few seconds exposure. Therefore, the net result is that the
reperitive—-pulsed MPE would be more liberal by a factor of 2. A relaxation in the
MPE by a factor of 5 would provide a sufficient margin of safety (a factor of 12)
between an EDgy threshold and MPE values. By using the additivity method, this margin
of safety could be maintained for any pulse-repetition frequency. Also, a factor of
five increase in the single-pulsed MPE for Q-switched, ND YAG lasers would essextially
leave the MPE for 10 to 20 Hz lasers unchanged if the additivity method is adopted.

For laser devices which do not have a large safety margin between I!MPE values
and actual biologic damage for single exposures, such as short pulsed ruby or GaAis
lasers, the additivity method would insure that this same safety margin is maintained
for repeated exposures even at low repetition rates. The present standards may not
be adequate.

SHORT EXZOSURE DUTATICHS

Much confusion has arisen when the presentlv used C, must be used to evaluate

an expnsure of 2 or three pulses spaced a few microseconds apart. For those well
. . = : 0
versed in laser safety, the least conservative of two methods is used:”




The entire energy in the pulse train is added and compared to the MPE

(2) The C, correction factor is applied to the single pulse MPE and compared
to the radiant exposure for 1 laser pulse.

itiated, this procedure appears complicated and pessibly unreliable;
however, the additivicy method blends these two procedures smoothly togeth=r with

cne equation.

vi

C2oDED PULSE

.

aser nulses which are coded in order to transmit information are impossible to
ate by current standards. The repetitively-pulsed correction factor would be
ned based on tha minimum interpulse sracing. For many laser systems, this

d would be over restrictive. With the addltlvity method, however, an accurate
ay be determined. From equation 5, n represents the total number of pulses and
n - 1 represents the number of interpulse spacings. The additivity for each
interpulse spacing may be determined by equation 2. The additivity values for

each pulse separation are added and substituted back into equation 5 in place of

(n - 1)A. The resulting equation may be expressed as follows:

n-1

Cy ={n -iglA /n (8)

0

oy
<
£

Therefore, no matter how involved the codirz, a C, value may be assigned which will
provide a uniform margzin of safety from a biologic injury threshold.

The method used for determining whether retinal injury has occurred has been
traditicnally a human observer who searches for injury at a specific time interval
after exposure. This method is probably as good as any. However, just because
visible damage does not occur in an exposure does not mean that cell damage has
not occurred. This result has been shown by electron microscope observations of
exposed retinal tissue! “Thnrefore, by no surprise, the additivity between short
duration pulses is generally over 90 percent. The additivity generally tends to be
better defined as the number of pulses increases.

CONCLUSION

+

-~The additivity method offers a more logical approach for evaluating repeated
exposures from short pulsed laser devices. A uniform safety margin may be maintained
for multiple pulses and single pulses from the same laser device. TCermissible
exnosuras to a very few pulses or to coded pulses may be easily calculated by this
method. Most importantly, an adequate margin of safety may be maintained for all

repetitively~-oulsed lasers. ¥_. | . ' . : i
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